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RESPONSIVE-TO-ANTAGONIST1, a Menkes/Wilson
Disease±Related Copper Transporter, Is Required
for Ethylene Signaling in Arabidopsis
1990; Kieber et al., 1993) and a constitutive signaling
mutant (ctr1) (Kieber et al., 1993).
Genetic epistasis studies revealed that ETR1, EIN4,
ETR2, ERS1, and ERS2 act upstream of CTR1, while
EIN2, EIN3, EIN5/AIN1, and EIN6 act downstream of
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CTR1 (Roman et al., 1995; Hua et al., 1998; Sakai et al.,*Plant Science Institute
1998). CTR1 encodes a Raf-like serine/threonine proteinDepartment of Biology
kinase (Kieber et al., 1993), suggesting the involvement²Department of Chemistry
of MAP kinase cascade in the ethylene-signaling path-³Department of Medicine
way. Given that ctr1 loss-of-function mutations conferDivision of Hematology-Oncology
a constitutive ethylene response phenotype, CTR1 actsUniversity of Pennsylvania
as a negative regulator of the pathway. The geneticallyPhiladelphia, Pennsylvania 19104
downstream EIN3 gene has also been cloned and char-
acterized (Chao et al., 1997). EIN3 and related EIN3-
LIKE (EIL) genes encode a family of novel DNA-bindingSummary
proteins that function as transcription regulators of eth-
ylene primary response genes (Solano et al., 1998).Ethylene is an important regulator of plant growth.
The molecular mechanism of ethylene perception inWe identified an Arabidopsis mutant, responsive-to-
plants has been addressed using physiological, bio-antagonist1 (ran1), that shows ethylene phenotypes
chemical, and molecular genetic approaches. Ethylenein response to treatment with trans-cyclooctene, a
binding assays using whole plants or organs and [14C]eth-potent receptor antagonist. Genetic epistasis studies
ylene revealed the presence of two classes of bindingrevealed an early requirement for RAN1 in the ethylene
sites with distinct dissociation rates: fast (half-life , 30pathway. RAN1 was cloned and found to encode a
min) and slow (half-life . 6 hr) (reviewed in Sisler, 1990).protein with similarity to copper-transporting P-type
While competition binding assays using ethylene antag-ATPases, including the human Menkes/Wilson pro-
onists supported the physiological relevance of theseteins and yeast Ccc2p. Expression of RAN1 comple-
binding activities, attempts to purify an ethylene recep-mented the defects of a ccc2D mutant, demonstrating
tor(s) proved unsuccessful. Interestingly, etr1 plantsits function as a copper transporter. Transgenic CaMV
showed a reduction in ethylene-binding activity (Bleecker35S::RAN1 plants showed constitutive expression of
et al., 1988), suggesting that ETR1 encodes a receptorethylene responses, due to cosuppression of RAN1.
for ethylene. Cloning of ETR1 revealed that this geneThese results provide an in planta demonstration that
encodes a membrane-localized histidine kinase (Changethylene signaling requires copper and reveal that
et al., 1993) similar to sensor proteins of the two compo-RAN1 acts by delivering copper to create functional
nent regulatory systems in prokaryotes and eukaryotes
hormone receptors.
(reviewed in Chang, 1996). Expression of ETR1 protein
in yeast was sufficient to confer ethylene-binding activ-
ity with kinetics similar to those found in plant materials,Introduction
providing further support that ETR1 is an ethylene receptor
(Schaller and Bleecker, 1995). ETR1 protein expressedThe gaseous plant hormone ethylene (C2H4) is involved and partially purified from E. coli has been shown toin a variety of growth and developmental processes,
possess histidine kinase activity (Gamble et al., 1998).
including germination, cell elongation, flower and leaf
Arabidopsis possesses at least four ETR1-like genes:
senescence, sex determination, and fruit ripening (Abeles
EIN4, ETR2, ERS1, and ERS2 (Hua et al., 1995, 1998;
et al., 1992; Johnson and Ecker, 1998). To gain insight Sakai et al., 1998). ein4 and etr2 mutants showed pheno-
into the mechanisms of ethylene action, a molecular types similar to etr1. Transgenic Arabidopsis plants ex-
genetic approach has been applied using the ethylene- pressing ERS1 or ERS2 genes engineered to contain the
evoked triple response phenotype of Arabidopsis seed- same mutation as found in etr1-4 showed an ethylene-
lings (Ecker, 1995). One class of mutants shows a reduc- insensitive phenotype (Hua et al., 1995, 1998). While
tion or complete absence of response to ethylene. This plants containing loss-of-function alleles in individual
group includes etr1 (Bleecker et al., 1988), etr2 (Sakai receptor genes displayed no obvious phenotype, con-
et al., 1998), ein2 (Guzman and Ecker, 1990), ein3, ein4, struction of double, triple, and quadruple mutations
ein6 (Roman et al., 1995), and ein5/ain1 (Van der Straeten showed constitutive ethylene phenotypes (Hua and
et al., 1993; Roman et al., 1995). A second class of Meyerowitz, 1998). These genetic studies indicate that
mutants shows constitutive ethylene response pheno- the ethylene receptors are negative regulators of the
types in the absence of exogenously applied hormone. signaling pathway with redundant or partially redundant
Using antagonists of ethylene biosynthesis and action, functions, suggesting that binding of ethylene to the
this class was further divided into hormone-overproduc- receptors inhibits their activity.
ing mutants (eto1, eto2, and eto3) (Guzman and Ecker, Based on a positive correlation between the effective-
ness of ethylene and related agonists (such as CO) and
their capacity to interact with metals, it has been specu-§ To whom correspondence should be addressed (e-mail: jecker@
atgenome.bio.upenn.edu). lated that the ethylene receptor(s) may be liganded to
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Figure 1. Phenotypes of ran1 Mutants
(A) The seedling phenotypes of wild-type
plants (Col), ran1-1, ran1-2, ethylene-over-
producing mutant (eto1-5), and constitutive
triple response mutant (ctr1-1) grown in air,
trans-cyclooctene (TCO), or ethylene (C2H4).
TCO treatment caused induction of the triple
response in ran1 mutants, while it inhibited
ethylene responses in wild-type plants and
eto1-5.
(B) Rosette plant phenotypes of ran1 mutants
grown in air or TCO. Rosette plants were ex-
posed to TCO for 12 days. The size of leaves
of ran1-1 and ran1-2 was significantly re-
duced. The leaf size of wild-type plants and
ctr1-1 was slightly reduced because of the
toxicity of TCO.
a transition metal (Burg and Burg, 1967). Spectroscopic a potent competitive inhibitor of ethylene binding to its
receptor(s) in vitro and in vivo (Sisler, 1990; Schaller andand X-ray defraction studies of copper(I)-olefin com-
plexes (Thompson et al., 1983) and more recent studies Bleecker, 1995). Screening of M2-mutagenized seed
populations yielded two independent ran1 mutants thatof the association in vitro of copper ions with the ethyl-
ene-binding domain of ETR1 purified from yeast (Rodri- displayed a characteristic ªethyleneº triple response
phenotype in response to treatment with TCO. Com-guez et al., 1999) are consistent with the requirement
of metal ion for ethylene perception/signaling. However, plementation tests revealed that these two mutants
(ran1-1 and ran1-2) were allelic. F1 progenies from crossesin planta experimental evidence of a functional associa-
tion is still lacking. In order to gain further insight into between wild-type plants and ran1-1 or ran1-2 did not
display the triple response phenotype in the presence ofthe molecular requirements of ethylene perception/sig-
naling, we attempted to identify mutants with apparent TCO, while F2 progenies from self-fertilized F1 plants
showed a segregation ratio of one Ran2 to three wild-alterations in hormone receptor specificity. Here, a novel
mutant, responsive-to-antagonist1 (ran1), is described type plants, indicating that ran1 is a single locus±
recessive mutant.that displays agonist-like responses to the potent ethyl-
ene receptor antagonist trans-cyclooctene (TCO). Posi-
tional cloning of RAN1 revealed that this gene encodes Activation of Ethylene Response Phenotypes
in ran1 by trans-Cyclooctenea protein with significant similarity to the intracellular
copper transporters, human Menkes and Wilson disease As shown previously (Kieber et al., 1993), TCO treatment
caused reversion of the triple response phenotype ofproteins, and yeast Ccc2p. Expression of RAN1 in yeast
complemented the defect of a ccc2 deletion mutation, eto1, a mutant that overproduces ethylene, but not of
ctr1, a mutant in which the ethylene-signaling pathwayindicating that RAN1 possesses copper-transporting
activity. Moreover, the addition of copper ions to ran1 downstream of the receptors is constitutively active
(Figure 1A). In ran1-1 and ran1-2, however, exposure toplants was sufficient to revert the TCO-dependent ethyl-
ene phenotype of the mutant. Transgenic plants cosup- TCO produced effects on seedling growth similar to
those evoked by treatment of wild-type seedlings withpressed for RAN1 showed constitutive expression of
ethylene response genes and phenotypes. Taken to- ethylene (Figure 1A). Measurements of the hypocotyl
and root length confirmed these observations. In thegether, these results indicate that RAN1 functions by
delivering copper ions to create functional ethylene re- presence of TCO, the length of the hypocotyl in ran1-1
and ran1-2 seedlings was 3.8 6 0.7 mm and 4.3 6 0.5ceptors.
mm, respectively. In ethylene-treated wild-type seed-
lings, the length of the hypocotyl was 4.2 6 0.4 mm.Results
Similarly, TCO treatment caused inhibition of root
growth in ran1 seedlings, although the length in ran1Screen for Mutants Responsive to a Potent
Ethylene Receptor Antagonist mutants (ran1-1, 1.9 6 0.6 mm; ran1-2, 2.4 6 0.4 mm)
was slightly longer than in wild type in ethylene (1.2 6In an attempt to identify novel components required for
ethylene perception/signaling, we screened for mutants 0.2 mm). The degree of curvature of the hypocotyl hook
was also measured in wild-type and mutant seedlings.that displayed hormone-responsive phenotypes upon
exposure to an antagonist of ethylene action. TCO was In ethylene, the angle of the hypocotyl hook in wild-type
seedlings (250 6 49.28) was indistinguishable from thatchosen for the screen because this cyclic olefin acts as
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observed in TCO-treated ran1 mutants (ran1-1, 250 6
23.78; ran1-2, 253 6 23.88), further suggesting that TCO
activates the ethylene-signaling pathway in ran1. In con-
trast to ran1 mutants, TCO treatment of wild-type seed-
lings caused an increase in hypcotyl and root growth,
compared with growth in hydrocarbon-free air (Figure
1A). These results are consistent with previous findings
that inhibition of basal level ethylene biosynthesis/per-
ception allows maximal elongation of seedlings (Guz-
man and Ecker, 1990). Other compounds that inhibit
ethylene action, such as silver ion or 1-methylcyclopro-
pane (MCP) (Sisler et al., 1996), were unable to induce
the triple response in ran1. As in wild-type plants, these
compounds prevented responsiveness to ethylene in
ran1 mutants, demonstrating that the ran1 phenotype
was specific to TCO. Induction of the seedling triple
response in ran1 mutants was stereo specific; trans-
but not cis-cyclooctene was effective in evoking this
morphological transformation. Furthermore, treatment Figure 2. Induction of Ethylene-Responsive Gene Expression by
of ran1 seedlings with TCO in the presence of amino- TCO in ran1 Plants
ethoxyvinylglycine, a potent inhibitor of ethylene biosyn- (A) Expression of ethylene-inducible genes EI305 and GST2 in TCO-
thesis in Arabidopsis seedlings (Guzman and Ecker, treated seedlings. Total RNA was prepared from seedlings treated
with air, ethylene, or TCO and subjected to Northern blot analysis.1990), had no effect on the ran1 mutant phenotype,
Arabidopsis a-tubulin 3 (TUA3) was used as a loading control. Thefurther demonstrating that the seedling phenotype was
same blot was used in three successive hybridization experiments.not due to an increase in ethylene biosynthesis.
(B) Expression of the basic-chitinase gene in TCO-treated adult
Interestingly, ran1 mutants were unaltered in their re- plants. Northern blot analysis was carried out using total RNA pre-
sponse to ethylene (Figure 1A). We examined the induc- pared from rosette leaves exposed to hydrocarbon-free air or TCO.
tion of the triple response of ran1 plants to different
doses of ethylene and did not observe a significant dif-
ference between mutant and wild-type plants, sug- al., 1997) and GST2 (Itzhaki and Woodson, 1993) expres-
gesting that the ran1 mutations do not alter normal per- sion was examined by Northern blot analysis using total
ception of ethylene. When grown in hydrocarbon-free RNA from seedlings treated with ethylene or TCO (Figure
air, the phenotype of ran1-2 seedlings was identical to 2A). As expected in wild-type plants, the steady-state
wild type (Figure 1A). However, the root length of ran1-1 mRNA levels for these two hormone response genes
was slightly shorter than that observed in wild-type increased upon treatment with ethylene and decreased
seedlings. Although these lines were extensively back- to below basal levels by TCO treatment. Exposure to
crossed, the possibility remains that the short root phe- TCO significantly reduced EI305 and GST2 expression
notype of ran1-1 is caused by a mutation near the RAN1 in eto1-5, whereas their expression was unaffected in
locus. Alternatively, as ran1-2 did not display this pheno- the ctr1-1 mutant (Figure 2A), confirming that TCO acts
type, this effect could also be allele specific. No other as an inhibitor of ethylene action. In ran1 mutants, the
significant growth phenotypes were observed in ran1-1 steady-state levels of EI305 and GST2 mRNAs were not
or ran1-2 seedlings or adult plants. inhibited by TCO as observed in wild-type seedlings. In
To examine the effect of TCO on vegetative growth, fact, consistent with the agonist-like effects of TCO on
plants were continuously exposed to the antagonist dur- seedling morphology in ran1 plants, TCO caused a slight
ing a 2 week period. Significant reduction in plant size
but reproducible increase in the steady-state mRNA lev-
was detected in TCO-treated ran1-1 and ran1-2 mutants
els of these two genes (Figure 2A).
compared to wild type (Figure 1B). Leaf shape and peti-
The effect of the ran1 mutation on TCO responsive-ole length observed in TCO-treated ran1 mutants pheno-
ness in later stages of development was also examined.copied the morphology of ctr1-1 and were characteristic
basic-chitinase expression is known to be upregulatedof ethylene effects on plant growth (Chao et al., 1997).
by ethylene in adult Arabidopsis plants and dependentThe size of leaves of wild-type plants was also slightly
upon an intact ethylene-signaling pathway (Chen andreduced by treatment with TCO (Figure 1B). However,
Bleecker, 1995). Northern blot analysis showed thatthis effect is assumed to be caused by the toxicity
basic-chitinase expression was induced in ran1 mutantsevoked by treatment with a high level of TCO, since a
by exposure of rosette plants to TCO (Figure 2B). Takensimilar size reduction was also observed in the constitu-
together, these results reveal that in ran1 seedlings andtive ethylene-signaling mutant ctr1-1. Measurement of
adult plants, TCO mimics the action of ethylene in bothepidermal cells of leaves from wild-type and ran1 plants
the morphological and molecular aspects of the re-indicated that the overall reduction in the size of TCO-
sponse.treated ran1 leaves was due to a decrease in cell elonga-
tion. These results indicate that ran1 mutations affect
RAN1 Acts Early in the Ethylenethe response of both seedlings and adult plants to TCO.
Gas±Signaling PathwayIn order to determine the effect of TCO on ran1 plants
In order to determine where RAN1 acts in the ethylene-at the molecular level, we examined whether several
signaling pathway, we performed epistasis analysis us-well-known ethylene-inducible genes were affected by
treatment with this ethylene antagonist. EI305 (Chao et ing ran1 and the ethylene-insensitive mutants etr1 and
Cell
386
Figure 3. Positional Cloning of the RAN1
Gene
The RAN1 gene was mapped to an z160 kb
region at the bottom of chromosome 5. The
assembled BAC contig covering this region
is shown. Genetic markers developed from
BAC and YAC end sequences allowed local-
ization of the RAN1 gene to a single BAC
clone. The predicted gene organization of
the BAC insert is displayed according to the
annotation of T19K24 (GenBank number
AC002342). Gray or black boxes represent
predicted genes. The intron and exon organi-
zation of the RAN1 gene shown was deter-
mined by comparison of the cDNA (AF082565)
and genomic (AF091112) sequences. Arrows
indicate the locations of the ran1-1 and
ran1-2 mutations.
ein2. In the presence of TCO, F2 progenies derived from GenBank accession number AC002342). Among the nu-
merous annotated genes on T19K24, a predicted proteinself-fertilized etr1-1/1 ran1-1/1 or ein2-12/1 ran1-1/1 F1
with similarity to copper-transporting P-type ATPasesplants showed a phenotypic segregation ratio of 1 Ran2
was identified. As ethylene binding to its receptor hasto 15 wild-type plants, whereas in ethylene, a ratio of 3
been proposed to require a transition metal (Burg andEin2 to 1 wild-type plant was observed. Given that etr1-1
Burg, 1967), this gene was considered as a candidateis dominant (Bleecker et al., 1988) and ein2-12 is semi-
for RAN1. Genomic DNA from the region was sequenceddominant, these results suggested that etr1-1 and ein2-
in ran1-1 and ran1-2 and the parental strain (Col). Single12 masked the ran1 mutant phenotype. Using a PCR-
base changes were identified in both ran1 alleles (seebased allele assay for ran1-1, homozygous ran1 mutants
below), confirming that this gene was, in fact, RAN1.were identified among the F2 progenies derived from
Using a PCR fragment carrying a portion of genomiccrosses of ran1-1 to etr1-1 and ein2-12. The phenotypes
DNA from this predicted ORF, several cDNA clones wereof both ran1-1 etr1-1 and ran1-1 ein2-12 double mutants
isolated from an ethylene-treated etiolated seedling li-were Ein2 Ran1, confirming that etr1 and ein2 are epi-
brary (Kieber et al., 1993). Determination of the nucleo-static to ran1. As ETR1 encodes an ethylene receptor,
tide sequence of the longest cDNA and comparisonthese genetic studies reveal that RAN1 function is re-
with the genomic sequence revealed that the candidatequired very early in the hormone-signaling pathway.
RAN1 gene contained nine exons and eight introns
(Figure 3), distinct from the computer-predicted gene
RAN1 Encodes a Menkes/Wilson Disease±Related model. Conceptual translation of the cDNA predicted a
Copper-Transporting P-Type ATPase polypeptide of 1001 amino acid residues with significant
The ran1-1 mutation mapped close to the tt3 gene on amino acid sequence similarity to the human Menkes
chromosome 5. To further localize RAN1, fine mapping disease gene product ATP7A (Chelly et al., 1993; Mercer
was performed. Based on the analysis of 2018 recombi- et al., 1993; Vulpe et al., 1993), the human Wilson disease
nant chromosomes derived from a cross between ran1-1 gene product ATP7B (Bull et al., 1993; Chelly and Mo-
and the Landsberg strain (Ler), the position of ran1 was naco, 1993; Petrukhin et al., 1993), a copper transporter
narrowed to a region near the CRA1 locus (Figure 3). of Caenorhabditis elegans (Sambongi et al., 1997), and
Development of additional PCR-based genetic markers yeast Ccc2p (Fu et al., 1995; Yuan et al., 1995). These
and their use in assembly of a BAC contig allowed the proteins share several structural features, including (1)
RAN1 locus to be narrowed to a single fully sequenced amino-terminal metal-binding motifs, (2) a phosphatase
domain, (3) a transduction domain, (4) a phosphorylationBAC clone of unassigned chromosomal location (T19K24;
Copper-Dependent Hormone Signaling
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Figure 4. Sequence Similarity of RAN1 to Copper-Transporting P-type ATPases
(A) Alignment of RAN1 with copper-transporting P-type ATPases from human (Menkes accession number, Q04656; Wilson, P35670), C. elegans
(D83665), and budding yeast (P38995). Identical amino acids and conservative changes are indicated by reversed and shaded characters,
respectively. Predicted functional domains are shown. The mutation sites of ran1-1 and ran1-2 are also indicated.
(B) Alignment of putative metal-binding repeats. The ran1-2 mutation site is indicated by a vertical arrowhead. Asterisks indicate the residues
that are involved in metal binding.
domain, and (5) an ATP-binding domain. The RAN1 pro- and a predicted nematode gene has three. Similar to
these proteins, the candidate RAN1 protein containstein possesses all of these features in regions of high
similarity between RAN1 and other copper transporters eight putative membrane-spanning regions.
In the case of the ran1-1 mutant allele, a C to T transi-(Figure 4A). Interestingly, RAN1 and Ccc2p have only
two putative metal-binding motifs in their N-terminal tion was found at nt 1880 (corresponding to genomic
sequence with the A from the first ATG codon assignedregions, whereas Menkes and Wilson proteins have six
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the number 1). This base change causes an amino acid
change from Thr-497 to Ile. Thr-497 is located in the
phosphatase domain, and this residue is conserved in
all copper transporters (Figure 4A), suggesting that the
amino acid change found in ran1-1 reduces RAN1 func-
tion. In ran1-2, a G to A base change was found at
nt 637, changing Gly-173 to Glu. Gly-173 is not highly
conserved among copper transporters, but the corre-
sponding residues in the metal-binding repeats of cop-
per transporters are not charged amino acid residues
(Figure 4B). Recent analysis of the three-dimensional
structure of the fourth metal-binding repeat of the
Menkes protein indicated that the residue correspond-
ing to Gly-173 of RAN1 contributes to the hydrophobic
core that is required for the correct positioning of the
metal-binding loop (Gitschier et al., 1998). The conver-
sion from Gly to Glu causes a dramatic change in charge
and hydrophobicity, conceivably disturbing the struc-
ture of the metal-binding domain, which is necessary
for copper transporter function (Payne and Gitlin, 1998).
These two mutations did not affect the expression of
the RAN1 gene at the transcriptional level, since RAN1
mRNA levels were equivalent in both mutant strains and
wild-type plants (data not shown).
Figure 5. Complementation of a Yeast ccc2 Mutant by RAN1RAN1 Rescue of Copper-Transport Defects
(A) Fet3p oxidase assay. Oxidase activity in various yeast strainsin the Yeast ccc2 Mutant
was measured using an in-gel assay system. The lower panel shows
The extensive similarity of RAN1 to known copper trans- a Western blot of samples used in the oxidase assay labeled using
porters predicted that this protein might have copper- an anti-HA tag antibody.
transporting activity. To test this hypothesis, we per- (B) High-affinity iron uptake assay. High-affinity iron uptake activity
of wild-type or ccc2-disrupted yeast cells expressing various pro-formed complementation analysis using a budding yeast
teins, including yeast wild-type Ccc2p, RAN1:HA tag, RAN1-1:HAccc2 disruption (ccc2D) mutant. In yeast, Ccc2p trans-
tag, or RAN1-2:HA tag, was measured. Averages from three inde-ports copper from the cytosol into the lumen of the
pendent experiments are shown. Error bars indicate standard devia-
secretory pathway (Yuan et al., 1995). The plasma mem- tions.
brane±bound multicopper oxidase Fet3p requires cop-
per ions for its activity. Thus, the oxidase activity of
Fet3p can be used as an in vivo assay for copper trans- level of Fet3p oxidase activity and iron uptake activity
was higher than that observed in transformants express-porter activity. In the absence of Ccc2p, Fet3p has no
oxidase activity, and the ccc22 defect can be rescued ing ran1-1. Western blot analysis revealed that RAN1,
RAN1-1, and RAN1-2 proteins accumulated to the sameby homologous copper transporters from other species
(Hung et al., 1997; Sambongi et al., 1997; Payne and level in the yeast. These results indicate that the ran1-1
mutation significantly impairs the copper-transportingGitlin, 1998). In order to determine whether RAN1 was
able to suppress the Fet3p oxidase defect of ccc2D, the activity of this protein. One explanation for the some-
what greater activity of RAN1-2 may be that a singleRAN1 cDNA, under control of the constitutive PGK1
promoter, was used for complementation studies. Trans- functional metal-binding domain is sufficient for copper-
transporting activity in yeast but not plant cells. Asformed yeast cells (ccc2D) containing the RAN1 cDNA
showed significant Fet3p oxidase activity, although the shown previously, expression of the human Wilson pro-
tein containing only a single metal-binding domain wasabsolute level was less than found in wild type (Figure
5A). Since Fet3p plays a pivotal role in high-affinity iron sufficient for functional complementation of a yeast
ccc2 deletion mutant (Iida et al., 1998).uptake in budding yeast, another assay for copper trans-
porter activity is to monitor the uptake of iron in yeast
cells (Stearman et al., 1996). Without Ccc2p function, Copper Ions Suppress the Ethylene
Phenotypes of ran1 Plantsiron uptake is much reduced (Figure 5B). However, ex-
pression of the RAN1 cDNA in the ccc2D mutant re- The addition of copper ions to the medium suppresses
the defect in Fet3p activity of the ccc2-disrupted mutantstored high-affinity iron uptake. These results strongly
suggest that RAN1 can function as a copper transporter. (Fu et al., 1995; Yuan et al., 1995). Since RAN1 encodes
a Ccc2p homolog, we examined whether the additionTo test whether ran1 mutations alter protein activity,
ran1-1 or ran1-2 mutations were introduced into the of copper ion to plant growth medium could suppress
the ran1 phenotype, analogous to the case of yeast ccc2wild-type RAN1 cDNA, and these genes were trans-
formed into ccc2D mutant. Transformants harboring mutants. To examine the effect of copper treatment on
the germination and growth of seedlings of Arabidopsis,ran1-1 mutant cDNAs had significantly reduced Fet3p
oxidase activity and high-affinity iron uptake activity various concentrations of CuSO4 (0.1 mM to 100 mM)
were tested. At a concentration (10±15 mM) that did notwhen compared to RAN1. While transformants con-
taining ran1-2 cDNA also showed reduced activity, the have any obvious effects on germination and seedling
Copper-Dependent Hormone Signaling
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cDNA driven by the CaMV 35S promoter was introduced
into the ran1 mutants and wild type. Interestingly, in-
dependent of the genetic background, two distinct
phenotypic classes of transformants were observed.
Approximately one-half of all transformed plants (class 2
transgenics) did not show an obvious growth phenotype
(Figure 7A). Northern blot analysis revealed that these
plants expressed a high level of RAN1 mRNA (Figure
7B, upper panel). In these lines, TCO treatment was
unable to evoke the seedling triple response plants,
indicating that the introduced 35S::RAN1 transgene had
complemented the ran1 mutation (Figure 7C, L1). In con-
trast, the other one-half of transformants (class 1
transgenics) displayed a constitutive ethylene response
phenotype (Ctr2). The level of RAN1 mRNA found in
plants displaying a strong Ctr2 phenotype was much
reduced (Figure 7B, upper panel), an effect likely due
to cosuppression of the endogenous RAN1 gene.
The severe Ctr2 phenotype observed in the RAN1-
transgenic plants suggested that activation of the ethyl-
ene-signaling pathway was occurring. To examine this
hypothesis, the expression of the ethylene-responsive
basic-chitinase gene was examined in the 35S::RAN1-
transformed plants. Northern blot analysis of mRNA pre-
Figure 6. Suppression of the ran1 Phenotype by Copper Ions pared from class 1 plants revealed a significantly ele-
The seeds of various strains were germinated in medium supple- vated level of expression of basic-chitinase compared
mented with 12.5 mM CuSO4 and exposed to air or TCO. After 3 to untransformed plants (Figure 7B, lower panel). In con-
days of growth in the dark, the TCO-induced phenotype of the ran1
trast, the class 2 phenotypically wild-type transgenicsmutant seedling was partially suppressed. At this concentration, no
showed only basal level expression of basic-chitinasevisible effect was observed on the triple response phenotype of
mRNA. These results confirm the association betweenctr1-1 mutants grown in hydrocarbon-free air or on the growth-
promoting activity of TCO treatment on eto1-5 seedlings. reduced RAN1 expression, the Ctr2 phenotype, and acti-
vation of ethylene-responsive gene expression in the
class 1 CaMV35S::RAN1-transgenic lines.
growth, the phenotypes of ran1-1 and ran1-2 mutants
As it was not possible to carry out genetic character-
were partially suppressed (Figure 6). Growth on copper-
ization of the class 1 plants, due to complete infertility
supplemented medium prevented ran1 seedlings from
in all lines, subsequent generations of class 2 plants
responding to TCO, as evidenced by the lack of the that were segregating for the 35S::RAN1 transgene were
triple response phenotype. This concentration did not further studied. T2-generation plants from 24 indepen-
interfere with TCO-mediated inhibition of the triple re- dent ran1-2 transformants were allowed to self-fertilize,
sponse phenotype of eto1-5, nor did it inhibit the triple and the progeny were examined for ethylene pheno-
response phenotype of eto1-5 or ctr1-1 (Figure 6). Thus, types. When grown in hydrocarbon-free air, seedlings
it is not likely that CuSO4 itself directly alters the biosyn- from two 35S::RAN1 lines (L3 and L6) displayed a consti-
thetic or the downstream ethylene-signaling pathways. tutive triple response phenotype identical to ctr1 mu-
Fet3p, a multicopper oxidase, is involved in high-affin- tants (Figure 7C). Treatment of L3 and L6 seedlings with
ity iron uptake in yeast. The human Fet3p homolog ceru- ethylene action inhibitors, silver ion, or MCP had no
loplasmin has been implicated in iron metabolism in effect on the triple response phenotype (data not shown),
human cells, and its activity is dependent on the function indicating that activation of the ethylene response in
of Menkes/Wilson proteins. Thus, it is possible that the these lines was not due to hormone overproduction.
ran1 phenotype may be caused by a deficiency in iron After several weeks of growth, these plants developed
uptake in Arabidopsis. To examine this hypothesis, we an adult morphology identical to that observed in RAN1-
tested whether the addition of iron to the growth medium cosuppressed plants (class 1 transgenics) (Figure 7A).
was capable of causing suppression of ran1 phenotype These studies reveal that a reduction of RAN1 expres-
in TCO. Unlike treatment with copper, application of sion results in constitutive activation of ethylene mor-
ferric ammonium sulfate (30 mM to 1 mM) or FeEDTA (1 phology in both seedlings and adult plants and in activa-
mM to 1 mM) to the seedling growth medium had no tion of ethylene response gene expression.
effect on the ran1 phenotype in TCO (data not shown).
These results further support the idea that the pheno- Discussion
type of ran1 mutants is caused by the defect in copper
metabolism. Identification of a Novel Ethylene-Signaling
Pathway Component
Constitutive Activation of Ethylene Responses Treatment of etiolated Arabidopsis seedlings with ethyl-
in RAN1-Transgenic Plants ene evokes the triple response, while exposure to the
To further explore the function of RAN1, the effect of ethylene receptor antagonist trans-cyclooctene pre-
ectopic gene expression on seedling development/hor- vents this morphological transformation. Instead of act-
ing as a competitive inhibitor of ethylene binding, in ran1mone responsiveness was examined. A full-length RAN1
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seedlings TCO treatment causes activation of the triple
response, mimicking the effects of ethylene. Results
from genetic epistasis analysis between ran1 and the
hormone-insensitive mutant (etr1) revealed that RAN1
acts at or upstream of this ethylene receptor. The ethyl-
ene phenotypes observed in ran1 rosette plants grown
in TCO are also consistent with induction of the ethylene
response pathway at other stages of development in
these mutants. Finally, TCO treatment of ran1 mutants
evokes the expression of ethylene-regulated genes in
both seedlings and rosette plants. These observations
lead us to propose that the ethylene receptors have
altered or relaxed ligand specificity in ran1 mutants.
Positional cloning of RAN1 revealed that this gene
encodes a protein with significant amino acid sequence
similarity to the human Menkes/Wilson protein and the
yeast Ccc2p. Recent studies have demonstrated that
these proteins are copper-transporting P-type ATPases
(Yuan et al., 1995; Hung et al., 1997; Payne and Gitlin,
1998). These proteins are localized to a post-Golgi com-
partment where they function to transport copper ions
into the secretory pathway, delivering copper to se-
creted or membrane-bound proteins that require this
metal for functionality (Petris et al., 1996; Yamaguchi et
al., 1996; Yuan et al., 1997). The high similarity between
RAN1 protein and copper transporters from other organ-
isms suggests that RAN1 functions in plant cells to de-
liver copper ions into proteins in the secretory pathway.
This suggestion is supported by results from expression
of the RAN1 cDNA in the yeast ccc2 mutant. RAN1
suppresses both the deficiency in Fet3p activity and the
transport of iron in a ccc2D strain. Sequence analysis of
the two ran1 mutant alleles revealed that both mutations
cause amino acid substitutions in residues found within
conserved protein motifs (metal-binding and phospha-
tase domains), suggesting that these two alleles of ran1
mutants have reduced function. Expression of the mu-
tant RAN1 proteins in the yeast ccc2 mutant was insuffi-
cient to restore full Fet3p activity, supporting the notion
that ran1 alleles are partial loss-of-function mutations.
Therefore, it is likely that the phenotype observed in
ran1 plants is caused by a defect in intracellular copper
transport. This suggestion is consistent with results
showing that the exogenous addition of copper ions to
ran1 seedlings partially suppresses their mutant phe-
notype.
Requirement of Copper Transport for EthyleneFigure 7. Constitutive Ethylene Response Phenotypes in 35S::RAN1-
Perception/Signaling in PlantsTransgenic Plants
As ethylene is an olefin, its receptors have been pre-(A) Phenotype of 35S::RAN1-transgenic plants. Three-week-old
transgenic plants are shown. Approximately one-half of transgenic sumed to require coordination of a transition metal for
plants displayed a ctr1-like phenotype (class 1), while the other half hormone-binding activity (Burg and Burg, 1967), and
displayed normal morphology (class 2). The photographs were taken there is circumstantial evidence for the association of
at the same magnification. a metal in ethylene perception (Thompson et al., 1983).
(B) Expression of RAN1 (upper panel) and the ethylene-inducible
For example, silver ion is well known to be an effectivebasic-chitinase gene (lower panel) in transgenic plants. Northern
inhibitor of ethylene responses in a variety of plantsblots were performed using 20 mg of total RNA per lane from adult
plants. In the case of class 1 transgenic plants, RNA was prepared (Beyer, 1976). As silver ion [Ag (I)] is known to exhibit
from five independent T1-generation plants and loaded in one lane. coordination chemistry similar to copper ion [Cu (I)], it
(C) Ethylene response phenotypes in transgenic seedlings. Shown is possible that silver may be incorporated into ethylene
are representative dark-grown T2-generation seedlings from ran1-2 receptors, where it may inhibit ethylene binding or
and L1 (35S::RAN1) transgenic plants treated with TCO for 3 days.
proper folding of a functional receptor, resulting in con-Also shown are representative dark-grown T2-generation seedlings
stitutively active receptor proteins that are unable to befrom 35S::RAN1-containing plants (L6 and L3) and seedlings from
the ctr1-1 mutant treated with hydrocarbon-free air for 3 days. inhibited by hormone binding. More recently, hormone
Copper-Dependent Hormone Signaling
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Figure 8. Model for the Function of RAN1 in
the Ethylene-Signaling Pathway in Arabi-
dopsis
By analogy to human Menkes/Wilson pro-
teins and yeast Ccc2p, RAN1 is presumed to
be localized in the membrane of a post-Golgi
compartment. Copper ions received from
Atx1-like proteins may be transported by
RAN1 into a post-Golgi compartment, deliv-
ering the metal to membrane-targeted ethyl-
ene receptor apoproteins. After the incorpo-
ration of a copper ion(s), the receptors are
able to coordinate ethylene. In the absence
of the hormone, the receptors are active and
function to negatively regulate downstream
signaling pathway components, preventing
hormone response phenotypes. Ethylene is
expected to inactivate the receptors upon
binding, presumably by causing a reduction
in histidine kinase/phosphatase activity. This,
in turn, results in derepression of downstream
signaling pathway components and activation of hormone response phenotypes. Due to reduced copper transport in the RAN1-cosuppressed
plants (no copper), the metal-deficient ethylene receptors are nonfunctional, resulting in a constitutively activated signaling pathway and in
plants that show constitutive ethylene response phenotypes. Filled and unfilled shapes indicate the active and inactive states of ethylene-
signaling pathway components, respectively.
binding studies using ETR1 expressed in yeast or puri- More severe alterations in the expression of RAN1
cause partial or complete activation of ethylene-respon-fied from yeast have offered strong evidence for the
presence of a copper-binding domain in this protein and sive genes and phenotypes. Several 35S::RAN1-trans-
genic lines were identified that displayed phenotypesin a related cyanobacterial protein (Rodriguez et al.,
1999). identical to those produced upon ethylene treatment of
wild-type plants and those observed in the ctr1 mutant.Evidence for the in vivo requirement of copper for
ethylene perception/signaling is provided by studies of Furthermore, the phenotypes observed in RAN1-cosup-
pressed plants were indistinguishable from those de-the ran1 mutants. Based on several lines of evidence,
the ran1 mutants are hypomorphs, resulting from a re- scribed for the quadruple ethylene receptor knockout
mutants (Hua and Meyerowitz, 1998). The striking sim-duction in copper-transporting activity; ran1-1 and ran1-2
alleles contain missense mutations in the phosphatase ilarity of the phenotypes observed in RAN1-cosup-
pressed lines and the multiple loss-of-function ethylenedomain and metal-binding motif, respectively. The con-
ditional response to TCO in the ran1 mutants is likely receptor mutants strongly suggests that copper is re-
quired for the functionality of at least three ethyleneto be due to a ªsuboptimalº copper concentration. The
demonstration that a defect in a copper transporter receptors. Thus, inhibition of expression of a single criti-
cal regulator of receptor function (RAN1) results in dere-causes altered ligand specificity of ethylene receptors
is supported by the finding that the defect in the ran1-1 pression of the entire ethylene response pathway.
While we do not yet understand how reduced copperand ran1-2 mutants allows response to trans- but not
cis-cyclooctene or MCP, another potent competitive in- transport causes the Ran2/Ctr2 phenotypes, one expla-
nation may be that copper is required for assembly ofhibitor of ethylene-receptor binding.
Recent genetic studies of loss-of-function ethylene a receptor complex, and in its absence, these proteins
turn over more rapidly. A simplified model is proposedreceptor mutants revealed that these proteins function
as negative regulators of the signaling pathway and that is consistent with the genetic, biochemical, and
physiological data and, by analogy, with Ccc2p functionshow significant functional overlap among the ethyl-
ene receptors (Hua and Meyerowitz, 1998). Binding of in yeast (Figure 8). The suggested role of RAN1 is to
deliver copper ions to create functional ethylene recep-ethylene to the receptors is predicted to inhibit their
biochemical activity. While double, triple, or quadruple tors. From recent in vitro studies (Rodriguez et al., 1999),
dimerized ethylene receptors are expected to containloss-of-function mutations of receptor genes showed
constitutive ethylene phenotypes in air, individual loss- at least two molecules of copper to assume proper
structure and ligand specificity. In partial loss-of-func-of-function mutations in any of these genes did not con-
fer a visible abnormality in the ethylene response. Since tion RAN1 mutants (ran1-1 and ran1-2), reduced delivery
of copper ions to the ethylene receptors may producethe seedling phenotype observed in TCO-treated ran1
plants is comparable with that of wild-type seedlings a state of suboptimal copper:apoprotein stoichiometry.
Altered protein conformation could result in reducedtreated with ethylene, it is expected that at least three
of the known receptors are likely to be responsive to ligand specificity, thereby allowing TCO to act as an
agonist. Since ran1 mutants show a normal responseTCO. Construction of specific double, triple, quadruple,
and quintuple mutants between the ran1 mutants and to ethylene, the structural change in the recognition cav-
ity is presumed to be small. Analogous to multireceptorthe loss-of-function mutation in the individual ethylene
receptors should provide useful information about the knockout mutants (Hua and Meyerowitz, 1998), severe
reduction of RAN1 function in cosuppressed plants re-requirements of each of these proteins for copper/RAN1
function. sults in copper depletion of the ethylene receptors,
Cell
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